This paper focuses on the issue of coding of the spatiotemporal 3-D wavelet coefficients. Experimental examination found that there are temporal dependencies among the wavelet coefficients at different temporal decomposition levels. Temporal orientation trees are introduced to exploit these dependencies to improve the coding efficiency. Statistical properties of the wavelet coefficients are measured using test video sequences. 3-D orientation trees that are built by spatial orientation trees followed by temporal orientation trees are exploited to magnitude-order the spatiotemporal 3-D wavelet coefficients. The experimental results confirmed that the coder with temporal orientation trees outperformed the coder without them. The coding gain could be up to 0.5 dB.
INTRODUCTION
Interframe wavelet video coding system removes temporal redundancy by motion-compensated temporal filtering (MCTF) technique. In the so-called t+2-D wavelet transform scheme, motion estimation is carried out on the input video signal. With the motion fields, original frames are temporally filtered along motion trajectories, resulting in lowpass and highpass temporal subbands, for each pair of frames in a group of pictures (GOP). This MCTF process described above is the first level of the multi-level temporal wavelet decomposition. After that, this temporal decomposition process is repeated on the lowpass temporal subbands, building a temporal wavelet tree. Subsequently, the resulting temporal subbands go through a spatial wavelet analysis, resulting in the motion-compensated 3-D (spatiotemporal) wavelet coefficients. Finally, all motion fields and the motion-compensated spatiotemporal wavelet coefficients are encoded and transmitted.
The MCTF technique has been investigated recently by many researchers [1] ~ [5] . The actual MCTF technique is described in [2] , in which a so-called MC-EZBC coder was reconstructed with bi-directional MCTF of up to 1/8-pixel accuracy. However, less research on methodologies to encode the spatiotemporal wavelet coefficients has been conducted until now [1] .
In a 2-D wavelet-coding scheme such as EZW [6] and SPIHT [7] , a 2-D spatial orientation tree, which exploits the spatial cross-subband similarity of the image wavelet transform across different spatial subbands, has proved very successful. Motivated by its success in image compression, researchers have extended it directly from 2-D to 3-D for video coding. The 3-D SPIHT [8] employs the SPIHT coding algorithm in 3-D spatiotemporal orientation trees in video coding, which are analogous to the 2-D orientation trees in image coding, and requires that the transform stages along all the dimensions are equal. However, the properties of the video signal and the wavelet coefficients are not equal along all three dimensions. To address this issue, the authors in [9] proposed an asymmetric 3-D orientation tree structure that is designed by attaching all subbands together for constructing a longer subband tree. The proposed coding algorithm in [9] outperforms 3-D SPIHT and has no limitation on the levels of transform along each direction without motion compensation. The state-of-the-art MC-EZBC coder encodes the 3-D spatiotemporal wavelet coefficients using the embedded imagecoding scheme EZBC [10] , in which no temporal crosssubband similarity of the spatiotemporal wavelet coefficients are applied.
In this paper, we focus on the issue of efficient coding of spatiotemporal wavelet coefficients by additionally exploiting their temporal statistical properties. Correlations among different spatiotemporal wavelet subbands are measured using testing video sequences. Based on the measured statistical properties, temporal orientation trees are proposed to exploit the temporal cross-subband similarity of the spatiotemporal wavelet coefficients between different temporal levels. Combining with spatial orientation trees, the spatiotemporal wavelet coefficients could be encoded and transmitted even more efficiently. This paper is organized as follows. After the introduction, temporal orientation trees are introduced in Section 2 based on the measurement of temporal statistical properties of spatiotemporal wavelet coefficients. Section 3 describes the coding algorithm using the concatenation of spatial and temporal orientation trees. Experimental results with video sequences are presented in Section 4 for demonstrating the performance of the proposed algorithm. Section 5 concludes this paper.
TEMPORAL ORIENTATION TREES
It is well known that there is a spatial cross-subband similarity among spatial subbands of 2-D spatial wavelet decomposition. Since the temporal decomposition is similar to the spatial wavelet decomposition, it is straightforward to consider that a temporal cross-subband similarity might also exist among the spatiotemporal wavelet coefficients. To confirm this extension, statistical properties of spatiotemporal wavelet coefficients among different temporal levels have to be measured. To this end, an interframe video coding system is constructed using unidirectional MCTF technique, in which hierarchical variable size block matching (HVSBM) is used for motion estimation of quarter subpixel accuracy [4] and a Haar transform using lifting implementation is used for temporal decomposition along motion trajectories. For the 2-D spatial wavelet transform, the 9/7 wavelet filters using lifting implementation are used. The measurements are performed on two video sequences, Foreman in CIF resolution (352 288, 30fps) with 144 frames and Mobile in SIF resolution (352 240, 30fps) with 240 frames, with a GOP length of 8 frames for T=3 temporal decomposition levels ( Fig. 1) . To confirm the temporal cross-subband similarity existing among the spatiotemporal wavelet coefficients, maximum values of spatiotemporal wavelet coefficients for each temporal subband within a group of pictures are measured. Table I shows the results that are averaged over all GOPs of test sequences Foreman and Mobile. We can see that the temporal lowest lowpass subband, denoted by LLL, has the largest maximum value, while the temporal highest highpass subbands, denoted by H 0 , H 1 , H 2 , and H 3 , have the smallest maximum value (Fig.  1) . These results indicate that there is a temporal cross-subband Fig. 2 . Examples of parent-child dependencies in temporal orientation trees for T=3 temporal levels. similarity between spatiotemporal wavelet coefficients, which is analogous to the spatial cross-subband similarity of the 2-D spatial wavelet decomposition. The temporal cross-subband similarity states that with respect to a given threshold if a spatiotemporal wavelet coefficient at a higher temporal level is insignificant, then all spatiotemporal wavelet coefficients in the same spatial location at the lower temporal level are likely to be insignificant.
A tree structure, called temporal orientation tree, is used to represent this temporal cross-subband similarity between different temporal levels. Fig. 2 shows how the temporal orientation tree is defined with recursive two-subband temporal splitting. Each node of the tree corresponds to a pixel and is identified by the pixel coordinate and the series of temporal subbands in a temporal level. Its direct descendants (offspring) correspond to the pixels of the same spatial location in the temporal highpass subbands of a lower temporal level. The tree is defined in such a way that each node has either no offspring (the leaves) or two offspring. In Fig. 2 , the arrows are oriented from the parent node to its two offspring. The tree roots have also two offspring. However, only one of them further has offspring that correspond to the temporal highpass subband, while the other node has no offspring that corresponds to the temporal lowpass subband.
The spatiotemporal wavelet coefficients can be magnitudeordered via either temporal or spatial orientation trees. They can also be better magnitude-ordered using the concatenation of temporal and spatial orientation trees. In the later case, the concatenating order should be determined. Do spatial orientation trees follow temporal orientation trees or vice versa?
We use the concatenating order of spatial orientation trees followed by temporal orientation trees to magnitude-order the spatiotemporal wavelet coefficients. The reason for this concatenating order choice is that good dependency of spatiotemporal wavelet coefficients between different temporal levels along temporal orientation trees only exists for the lower spatial subbands.
The dependencies of the spatiotemporal wavelet coefficients between different temporal levels along temporal orientation trees are measured by the values of the normalized crosscorrelation coefficients (NCC). Tables II and III show Tables II and III are spatial subbands at different spatial decomposition levels, which are denoted by LL n , HL n , LH n , and HH n with the spatial decomposition level n, while the columns of Tables II and III stand for the pair of temporal subbands along temporal orientation trees. Not surprisingly, the NCC values between the temporal LLL (lowpass) and LLH (highpass) subbands are very small for every spatial subband (see the second column in Tables II and  III) because these two temporal subbands, LLL and LLH, represents total different signals. For the remaining temporal subband pairs, it is also notable from Tables II and III that the NCC values decrease from the lowest spatial subband (LL subband) to the highest spatial subbands (LH 1 , HL 1 , and HH 1 ). For example, the NCC value, measured for the temporal pair of LH 0 and H 0 , decreases from a value of 0.55 for the spatial LL 4 subband to the value of 0.1 for the spatial subbands, LH 1 , HL 1 and HH 1 , (see the fifth column in Table II ). This indicates that the temporal cross-subband similarity between these two temporal subbands is most likely to be violated for the spatial highpass subbands, e.g., LH 1 , HL 1 and HH 1 , since they all represent residual signals. Only the spatial LL (LL 4 in Table II and LL 3 in Table III ) subband is likely to follow the temporal cross-subband similarity, because they have relative good correlations (see the second rows in Tables II and III) . Based on this finding, we first magnitude-order the spatiotemporal wavelet coefficients using spatial orientation trees for each temporal subbands and then magnitude-order the root nodes of these spatial orientation trees along the temporal levels using temporal orientation trees to build 3-D orientation trees.
The principle to build 3-D orientation trees developed in this paper is different than that developed in [9] . In [9] , a coefficient in the 3-D orientation tree has up to five child coefficients, while in the proposed 3-D trees the parent coefficients have two child coefficients in temporal orientation trees and four child coefficients in spatial orientation trees.
NEW CODING ALGORITHM
Using the new 3-D orientation tree structure introduced in Section 2, an algorithm for encoding the spatiotemporal wavelet coefficients is developed using the SPIHT technique. All significance information is stored in 3 L+1 ordered lists, where L is the GOP length. One is called list of temporal insignificant sets (TLIS) and the remaining 3 L lists are used for the spatial orientation trees. For one temporal subband, t, within the GOP, there are one list of spatial insignificant sets (SLIS t ), one list of spatial insignificant pixels (SLIP t ), and one list of spatial significant pixels (SLSP t ). In the temporal tree list TLIS, each entry is identified by (x,y,t), where (x,y) is a spatial coordinate and t is the series of the temporal subbands within the GOP. In all spatial tree lists, each entry is identified by a coordinate (x,y).
Below we present the new encoding algorithm in its entirety using the SPIHT technique.
Algorithm:
1) Initialization: output n= log 2 max (x,y,t) w x,y,t ; set all spatial lists, SLIS t , SLIP t , and SLSP t , as empty lists, and the coordinates (x,y) in the low-low spatial subband of the highest spatial wavelet decomposition level to the TLIS as root entries with t=0.
2) Temporal Sorting Pass:
for each entry (x,y,t) in the TLIS do: output S n (x,y,t); if S n (x,y,t)=1 then 2.1) if the entry is a root entry (t=0) then -set (x,y) to the spatial list SLIS 0 , add (x,y,1) to the end of TLIS, and remove entry (x,y,0) from the TLIS; 2.2) if the entry is not a root entry (t>0) then -set (x,y) to the spatial list SLIS t , add (x,y,2t) and (x,y,2t+1) to the end of TLIS, and remove entry (x,y,t) from the TLIS; 3) SPIHT algorithm: encode all spatial lists SLIP t , SLIS t , SLSP t ; 4) Quantization-step Update: decrement n by 1 and go to
Step 2.
Please note that the entries added to the end of the TLIS in Step 2 are evaluated before that same temporal sorting pass ends. Compared to conventional 3-D wavelet video algorithms [8] [9], the proposed coding algorithm introduces an additional temporal sorting pass. With this proposed algorithm, the rate can still be precisely controlled because the transmitted information is formed by one single bitstream. To increase the coding efficiency, groups of 2 2 pixels are kept together in the lists, and their significance values are coded as a single symbol by the arithmetic coding algorithm.
EXPERIMENTAL RESULTS
The proposed new coding algorithm is evaluated using the test sequences Foreman and Mobile, each having 128 frames, in a GOP length of 16 and 32 frames against the reference coding algorithm without using temporal orientation trees. Both algorithms use the same MCTF technique except for the magnitude ordering of the spatiotemporal wavelet coefficients. Therefore, they have the exact same bits for encoding the side information including all motion vectors. The performance comparison results, shown in Tables IV and V, confirmed that the temporal orientation trees improved the efficiency of encoding the spatiotemporal wavelet coefficients. The gain could reach up to 0.5 dB for Foreman and 0.2 dB for Mobile, especially at the low bit rate. The results also show that the coder with the GOP length of 32 frames has better coding gain than the coder with the GOP length of 16 frames. Therefore, the proposed coding algorithm prefers long GOP so that the magnitude order using the temporal orientation trees becomes more effective than the coder with short GOP. 
CONCLUSIONS
This paper investigated the issue of encoding the spatiotemporal 3-D wavelet coefficients using temporal orientation trees for interframe wavelet video coding. The experimental examination found that there is good temporal dependency among the spatiotemporal wavelet coefficients between different temporal levels, especially for the low-low spatial subband. Based on this finding, the spatiotemporal wavelet coefficients are magnitude-ordered by 3-D orientation trees, which are built by concatenating spatial orientation trees followed by temporal orientation trees. The principle to build 3-D orientation trees developed in this paper is different to those developed in [8] and [9] . The performance comparison results confirmed that the coding algorithm with temporal orientation trees outperforms the coder without them. In the future, the proposed coding algorithm will be evaluated against the coder presented in [9] .
